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During eukaryotic mRNA transcription, the synthetic activity and mRNA processing factor interactions of
RNA polymerase II (RNAP II) are regulated by phosphorylation of its carboxyl-terminal domain (CTD), with
modification occurring primarily on serines 2 and 5 of the CTD. We previously showed that herpes simplex
virus type 1 (HSV-1) infection rapidly triggers the loss of RNAP II forms bearing serine 2 phosphorylation
(Ser-2P RNAP II). Here we show that the HSV-1 immediate-early (IE) protein ICP22 is responsible for this
effect during the IE phase of infection. This activity does not require the viral UL13 protein kinase, which is
required for several other regulatory functions of ICP22. Additionally, we show that transient expression of
ICP22 can trigger the loss of Ser-2P RNAP II in transfected cells. Thus, the ability of ICP22 to cause the loss
of Ser-2 RNAP II does not require other viral factors or the context of the infected cell. Expression of the HSV-1
ICP22-related protein US1.5, which corresponds to residues 147 to 420 of ICP22, also triggers a loss of Ser-2P
RNAP II in transfected cells, whereas expression of the varicella-zoster virus ICP22 homolog, ORF63, does not.
Our study also provides evidence for a second, viral late gene-dependent pathway that triggers loss of Ser-2P
RNAP II in infected cells, consistent with the recent work of Dai-Ju et al. (J. Q. Dai-Ju, L. Li, L. A. Johnson,
and R. M. Sandri-Goldin, J. Virol. 80:3567–3581, 2006). Therefore, it appears that HSV-1 has evolved redun-
dant mechanisms for triggering the loss of a specific phosphorylated form of RNAP II.

Herpes simplex virus type 1 (HSV-1) is a common human
pathogen that can replicate in epithelial cells and other cells of
the host or alternatively can remain latent in peripheral neu-
rons. During productive infections, HSV-1 genes are tran-
scribed in the nucleus by the host cell RNA polymerase II
(RNAP II). Expression of the �80 viral genes occurs in a
coordinately activated cascade that consists of the sequential
expression of immediate-early (IE), delayed-early (DE), and
late (L) genes.

Although transcription of viral genes is mediated by RNAP
II, viral regulatory proteins modulate the specificity of RNAP
II during infection (reviewed in reference 47). IE promoters
are the only class utilized initially by RNAP II, with the assis-
tance of the viral tegument protein VP16. This leads to the
expression of the five IE proteins. Subsequent expression of
DE/L genes requires the action of IE proteins. Four of these,
infected cell protein 0 (ICP0), ICP4, ICP22, and ICP27, have
been implicated in gene expression. ICP4 is the most critical
for further viral gene expression, being required for the tran-
scription of nearly all DE and L genes (for a recent discussion
of ICP4, see reference 60). ICP4 binds to DNA, interacts with
basal cell transcription factors, and helps to promote the for-
mation of RNAP II transcription initiation complexes on DE/L
promoters. The molecular functions of ICP0, ICP22, and
ICP27 are less well understood, but each has been implicated
in inducing expression of viral DE/L genes (9, 20, 39, 44, 49,
52), and recent evidence shows that ICP27 physically interacts
with RNAP II (10, 62). At the same time that RNAP II tran-

scribes viral DE/L genes, its transcriptional activity on many
cellular genes decreases dramatically (21, 25, 54–56). The mech-
anisms by which RNAP II is redirected from host to viral genes
are not well understood but may involve physical changes to
RNAP II itself, as discussed below.

RNAP II is a multiprotein enzyme consisting of 12 subunits
(for a review, see reference 59). The C-terminal domain
(CTD) of the large subunit (LS) of RNAP II consists of nu-
merous repeats (52 in humans) of the heptapeptide consensus
sequence YSPTSPS and is the site of abundant phosphoryla-
tion by cellular CTD kinases. These modifications regulate
many aspects of RNAP II transcription, including initiation,
elongation, and the recruitment of mRNA processing factors
to the transcription complex (22, 27, 33, 35, 36, 50). As a result
of its extensive CTD phosphorylation, RNAP II exists in either
of two distinct states in eukaryotic cells: a hypophosphorylated
form, termed RNAP IIA, or a hyperphosphorylated form,
termed RNAP IIO. The LS forms in RNAP IIA and RNAP IIO

are designated IIa and IIo, respectively, and migrate on a
sodium dodecyl sulfate-polyacrylamide gel with distinct appar-
ent molecular masses of 210 and 240 kDa. The two different
forms of RNAP II have distinct roles in transcription: RNAP
IIA is recruited to promoters to initiate transcription, whereas
RNAP IIO is actively engaged in mRNA elongation. Multiple
cellular CTD kinases have been identified, and these appear to
mainly target serine 2 or 5 (Ser-2 and Ser-5) of the heptapep-
tide repeat. Two of the most important of these are cyclin-
dependent kinase 7 (cdk7) and cdk9. cdk7 is a component of
the general transcription factor TFIIH and targets Ser-5 during
the promoter clearance phase of transcription. Phosphoryla-
tion on Ser-5 is also crucial for recruitment of mRNA capping
factors. cdk9 is a component of positive transcriptional elon-
gation factor b (P-TEFb) and targets Ser-2 at a postinitiation
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stage of transcription. Modification on Ser-2 is associated with
enhanced elongation efficiency and the recruitment of poly-
adenylation factors. In addition to CTD kinases, several cellu-
lar CTD phosphatases have been identified, although these are
not as well characterized as the CTD kinases.

We and others have shown that HSV-1 infection has major
effects on RNAP II and its CTD phosphorylation. Early in
infection, the hyperphosphorylated RNAP IIO form disappears
and is replaced by a novel form in which the LS has an inter-
mediate electrophoretic mobility, likely reflecting an interme-
diate level of CTD phosphorylation (46). We designated this
form RNAP III (for intermediate) and the corresponding form
of LS IIi. Whereas RNAP IIO bears phosphorylation on both
Ser-2 and Ser-5, RNAP III is phosphorylated almost exclu-
sively on Ser-5 (16). Consistent with this, RNAP II forms
bearing Ser-2 phosphorylation (hereafter referred to as Ser-2P
RNAP II) are rapidly lost following infection with HSV-1 (10,
16) in a process that involves proteasome-mediated degrada-
tion of RNAP II (10). However, the induction of RNAP III

appears to be mechanistically separate from the loss of Ser-2P
RNAP II, since the former but not the latter requires the
HSV-1 proteins ICP22 and UL13 (16, 24).

In this study, we sought to identity the viral factor (or fac-
tors) which trigger the loss of Ser-2P RNAP II. Dai-Ju et al.
recently provided evidence that viral L gene transcription can
trigger the loss of Ser-2P RNAP II (10). However, viral L gene
expression cannot be the sole trigger, since we previously
found that Ser-2P RNAP is lost in cells infected with an ICP4
mutant which is unable to express DE/L genes (16). This sug-
gests the existence of another pathway for triggering Ser-2P
RNAP II loss. In this study, we show that the IE protein ICP22
is responsible for mediating the loss of Ser-2P RNAP II early
in infection. Thus, it appears that HSV-1 has evolved two
distinct mechanisms for triggering the loss of a specific phos-
pho-species of host RNAP II.

MATERIALS AND METHODS

Cells, viruses, and infections. Vero cells (African green monkey kidney cells)
were obtained from the American Type Culture Collection. E5 (13) and V22 (31)
cells are Vero cells that contain stably transfected copies of the HSV-1 ICP4 and
ICP22 genes, respectively. Vero cells were grown in Dulbecco modified Eagle
medium supplemented to contain 5% heat-inactivated fetal bovine serum, 50 U
of penicillin/ml, and 50 �g of streptomycin/ml. The medium for the E5 and V22
cells was the same except that it also contained 300 �g/ml G418.

The wild-type (WT) strain of HSV-1 used in these studies was KOS1.1 (19).
Viral ICP0 (n212) (7), ICP4 (d120) (12), ICP22 (d22lacZ) (24), ICP27 (d27-1)
(44), and UL13 (d13lacZ) (24) mutants have been described, as well as an
ICP22-UL13 double mutant (d22/13) (16). The construction of the ICP4-ICP22
double mutant d120/22 is described below. F22 is a derivative of KOS1.1 that
expresses N-terminally FLAG epitope-tagged ICP22 (C. Spencer and S. Rice,
unpublished). Infections were carried out at a multiplicity of infection of 10 in
phosphate-buffered saline containing 0.1% glucose and 0.1% heat-inactivated
newborn calf serum. Viral absorption was for 1 h at 37°C, at which time the viral
inoculum was replaced with 199 medium containing 2% heat-inactivated new-
born calf serum, 50 U of penicillin/ml, and 50 �g of streptomycin/ml. All infec-
tions were incubated thereafter at 37°C. The inoculum and/or medium for some
infections contained 50 �g/ml cycloheximide (CH), 400 �g/ml phosphonoacetic
acid (PAA), or 10 �g/ml of actinomycin D (ActD).

The ICP4-ICP22 double mutant d120/22 was constructed by a marker transfer
procedure (44). Briefly, infectious viral DNA isolated from d120 was cotrans-
fected into E5 cells with AgeI-digested pBglOZ DNA, which contains an Esch-
erichia coli lacZ gene-disrupted ICP22 gene (24). Viral recombinants that ex-
pressed beta-galactosidase were identified by plaquing the cell lysates on E5 cells
in the presence of 300 �g/ml 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside.

A blue isolate was plaque purified three times in E5 cells and designated d120/22.
As expected, d120/22 is unable to replicate in Vero cells but can replicate
efficiently in E5 cells. Immunoblot analysis confirmed that d120/22-infected Vero
cells do not express either ICP4 or ICP22.

Plasmids and transfections. An ICP22 expression plasmid, pcDNA22, was
constructed in the following manner. The ICP22 coding region of strain KOS1.1
was PCR amplified from plasmid pBamN-� (24) using specific primers (5�,
GATCGGATCCATGGCCGACATTTCCCCAGG; 3�, GATCGAATTCTCGG
GGCGACCGGACTCACG). The PCR product was digested with BamHI and
EcoRI and cloned into pCMV-Tag2B (Stratagene). This construct, designated
pCMVTag22, encodes an ICP22 molecule having an N-terminal FLAG epitope
tag. DNA sequencing confirmed that the ICP22 sequence in pcDNA22 was
identical to that in pBamN-�. However, transfection experiments indicated that
ICP22 expression from pCMVTag22 was low, similar to what has been observed
by some others using this expression vector (58). Therefore, the FLAG-ICP22
coding region was subcloned into an alternate expression vector, pcDNA3.1(�)
(Invitrogen), using the NotI and EcoRI sites, giving rise to pcDNA22. Plasmid
pcDNAUS1.5 was constructed in a manner analogous to that of pcDNA22,
except that the initial PCR was carried out using the 5� primer GATCGGATC
CATGGGGCGGGTCCGGTCTAC, which corresponds to codon 147 of the
ICP22 gene (the start codon for translation of US1.5) (29).

An expression vector for the varicella-zoster virus (VZV) ORF63 gene,
pcDNAorf63, was made by the following steps. Plasmid pSstf15 (11), which has a
genomic insert of VZV DNA and was a kind gift of Andrew Davison, was
digested with PciI. This cuts at the initiation codon of ORF70 (which is identical
to ORF63). The 5� overhanging ends were made blunt by a fill-in reaction using
the Klenow fragment, and the DNA was cleaved with BamHI, which cuts 3� to
the ORF70 gene. The ORF70-containing fragment was then cloned into SrfI/
BamHI-digested pCMV-Tag2B, giving rise to pCMVTagorf63. This plasmid
encodes FLAG-tagged ORF63. To increase expression of ORF63, the FLAG-
ORF63 gene was moved into the pcDNA3.1(�) vector using the NotI and EcoRI
sites, as described above. This plasmid was designated pcDNAorf63.

In some experiments, the plasmids pCMV�-c (34) and pEGFP-C2 (Clontech),
which express beta-galactosidase and enhanced green fluorescent protein, re-
spectively, from the cytomegalovirus immediate-early (CMV IE) promoter, were
used as controls.

Transfections and immunoblots. Transfection of Vero cells was done using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s recommended
protocol. For immunoblotting, slightly subconfluent cells in 25-cm2 tissue culture
flasks were transfected with 8 �g of plasmid DNA. For immunofluorescence,
subconfluent cells plated on coverslips in 4-cm2 wells were transfected with 1.6
�g of plasmid DNA per well. When less than these amounts of plasmid were
used (e.g., in Fig. 6D), salmon sperm DNA was added to bring the total amount
of DNA transfected to either 8 or 1.6 �g.

Analysis of protein expression by immunoblotting was carried out as described
previously (16, 24, 34). To detect Ser-2P RNAP II, the mouse monoclonal
antibody H5 (Covance, Denver PA) (5, 33) was used at a dilution of 1:500. The
cellular early endosomal antigen (EEA1) was detected using a mouse monoclo-
nal antibody (BD Biosciences, San Jose, CA) diluted 1:2,500. The mouse mono-
clonal antibodies for ICP4 (H1114), ICP0 (H1112), ICP27 (H1119), and ICP8
(H1115) were purchased from the Rumbaugh-Goodwin Institute for Cancer
Research (Plantation, FL) and were used at dilutions of 1:800, 1:1,000, 1:5,400,
and 1:300, respectively. Rabbit polyclonal antiserum specific for ICP22 was a
generous gift from John Blaho (Mt. Sinai School of Medicine) and was used at
a dilution of 1:500. Rabbit anti-FLAG polyclonal antiserum (Immunology Con-
sultants, Newberg, OR) was used at a 1:1,000 dilution. The secondary antibodies
used for immunoblot detection were horseradish peroxidase-conjugated goat
anti-mouse and anti-rabbit immunoglobulin G, purchased from Jackson Immuno-
Research (West Grove, PA), and were both diluted 1:7,500. Secondary antibod-
ies were detected with enhanced chemiluminescence (ECL) Western blotting
detection reagents (Amersham).

Quantitation of LS levels by immunoblotting was done by two methods. In the
first (see Fig. 2 and 3), LS and EEA1 autoradiography signals were quantitated
using a Bio-Rad GS-700 imaging densitometer. To control for variation in pro-
tein recovery, the LS signal for each sample was normalized to the EEA1 signal
for that sample. In the second method (Fig. 4), detection of the secondary
antibody was done directly from the immunoblot by chemifluorescence imaging
using ECL-Plus reagents (catalog no. RPN2132; Amersham) and a Molecular
Dynamics Storm 840 imager. Again, LS signals for each sample were normalized
to the corresponding EEA1 signals.

Indirect immunofluorescence. For infection experiments, fixation and perme-
abilization were done as described by Zeng et al. (61). Briefly, the cells were
permeabilized for 2 min with 0.5% Triton X-100 in CSK buffer (10 mM PIPES,
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pH 7, 1 mM EGTA, 3 mM MgCl2, 20% sucrose) and then fixed in 3.7%
formaldehyde in the same buffer for 20 min. For transfection experiments,
fixation was done immediately in formaldehyde, followed by acetone perme-
abilization (43). For fluorescent staining, coverslips were incubated at 37°C for 1 h
with various primary antibodies. The primary antibodies were H5, diluted 1:100;
ARNA3 (Fitzgerald, Concord MA), which recognizes the body of the RNAP II
LS, diluted 1:100; H14 (Covance), which recognizes the CTD when it is phos-
phorylated on Ser-5 (33), diluted 1:300; rabbit immunoglobulin G specific for
beta-galactosidase (Rockland Immunochemicals, Gilbertsville PA), diluted
1:200; rabbit anti-ICP22 antisera, diluted 1:250; and anti FLAG antisera, diluted
1:300. After primary incubation, cells underwent secondary staining for 1 h at
37°C. When a combination of mouse and rabbit primary antibodies was used,
secondary staining was done with a 1:2,000 dilution of Cy3-conjugated goat
anti-mouse immunoglobulin G and a 1:500 dilution of Cy2-conjugated goat
anti-rabbit immunoglobulin G. When cells were costained for Ser-2P RNAP II
and ICP27, secondary staining was done with a 1:1,000 dilution of Cy3-conju-
gated goat anti-mouse immunoglobulin M � chain antibody and a 1:200 dilution
of Cy2-conjugated antimouse immunoglobulin G Fc fragment antibody. All
secondary antibodies were purchased from Jackson ImmunoResearch.

RESULTS

ICP22 triggers loss of Ser-2P RNAP II in infected cells. We
previously showed that HSV-1 infection induces the loss of
Ser-2P RNAP II and that this effect is dependent upon viral
gene expression, since Ser-2P RNAP II is not lost when cells
are infected in the presence of the protein synthesis inhibitor
CH (16). Dai-Ju et al. confirmed these results and provided
evidence that a factor associated with HSV-1 L gene expres-
sion is responsible (10). However, our previous results (16)
indicated that Ser-2P RNAP II loss can be triggered by infec-
tion with an ICP4 null mutant, which is unable to express DE
or L genes. This suggests that an IE factor (or factors) can also
trigger Ser-2P RNAP II loss. However, using viral IE mutants,
we previously were unable to implicate any of the four known
IE regulatory proteins (ICP0, ICP4, ICP22, and ICP27) (16).

We reasoned that in our past experiments, the effect of IE
proteins on Ser-2P RNAP II loss could have been obscured by
the L-gene-dependent pathway described by Dai-Ju et al. (10).
To further explore loss of Ser-2P under IE conditions, we
decided to enhance the IE phase of infection through the use
of a CH reversal protocol (18). In this procedure, cells are
infected in the presence of the protein synthesis inhibitor CH,
which leads to the accumulation of high levels of IE mRNAs.
Upon removal of CH (i.e., reversal), IE proteins are synthe-
sized at enhanced levels for a period of time before gene
expression transitions to the DE/L genes. To carry out the
analysis, Vero cells were infected in the presence of 100 �g/ml
CH for 5 h, followed by a 2-h reversal without CH, at which
time the proteins were harvested. For comparison, we also
carried out a 7-h infection without CH treatment. The protein
samples were analyzed by immunoblotting using the phospho-
specific anti-CTD monoclonal antibody H5, which reacts with
LS only when it bears Ser-2 phosphorylation (33). The results
(Fig. 1A) showed that under CH reversal conditions, cells
infected with the WT strain KOS1.1 exhibited a near-complete
loss of Ser-2P RNAP II (lane 4) compared to results for mock-
infected cells (lane 2). Similarly, HSV-1 strains defective in
ICP4 (d120), ICP0 (n212), and ICP27 (d27-1) also showed a
dramatic loss of this form of RNAP II (lanes 8, 10, and 12,
respectively). In contrast, cells infected with the ICP22 dele-
tion mutant d22lacZ exhibited relatively high levels of Ser-2P
RNAP II after the CH reversal (lane 6). In fact, even without

CH treatment, there was somewhat more Ser-2P RNAP II in
the d22lacZ infection (lane 5) than in any of the other non-
treated infections (although there was still a substantial loss).
As a control, a separate region of the same immunoblot was
probed for the cellular protein EEA1, which does not change
in abundance after HSV-1 infection (16). EEA1 levels were
similar in all samples, indicating that comparable levels of
proteins were loaded in each lane. Additional immunoblotting
analysis confirmed that all of the viral strains expressed the
expected set of IE proteins (Fig. 1A, bottom panels). Thus,

FIG. 1. ICP22 promotes loss of Ser-2P RNAP II in infected cells.
(A) Immunoblot analysis of viral IE mutants after CH reversal. Du-
plicate cultures of Vero cells were mock infected or infected with WT
HSV-1 strain KOS1.1 or the mutants indicated. In one set of infections
(lanes 1, 3, 5, 7, 9, and 11), the cells were not treated with drugs, and
total proteins were harvested at 7 hpi. In the other set (labeled CHR;
lanes 2, 4, 6, 8, 10, and 12), cells were infected and maintained in the
presence of 100 �g/ml CH for 5 h. The CH was then removed, and the
cells were incubated for two more hours prior to harvesting. Protein
extracts were analyzed by immunoblotting for Ser-2P RNAP II, EEA1,
ICP27, ICP0, ICP4, and ICP22. (B) Analysis of ICP22 and UL13
mutants after CH reversal. The experiment was performed as de-
scribed for panel A.
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these results indicate that at least under CH reversal condi-
tions, ICP22 plays a key role in triggering the loss of Ser-2P
RNAP II.

Many of ICP22’s regulatory functions, including its ability to
induce the intermediately phosphorylated RNAP III form (24),
require the HSV-1 protein kinase UL13, which has been im-
plicated in phosphorylating ICP22 (42). To see whether UL13
is involved in loss of Ser-2P RNAP II, we carried out the CH
reversal analysis with the HSV-1 UL13 mutant d13lacZ. As can
be seen in Fig. 1B, the UL13 mutant (lane 8) resembled
KOS1.1 (lane 4) in its ability to trigger Ser-2P RNAP II loss. In
contrast, both the ICP22 mutant d22lacZ and an ICP22-UL13
double mutant d22/13 (lanes 6 and 10, respectively) were de-
ficient in this activity. Thus, the ability of ICP22 to trigger loss
of Ser-2P RNAP II does not require UL13.

The conditions used in the above CH reversal experiments
enhance IE protein synthesis, but they do not completely pre-
vent the ensuing expression of DE/L proteins. However, if the
transcriptional inhibitor ActD is added during the reversal,
then DE and L genes cannot be transcribed and protein syn-
thesis is tightly restricted to IE proteins (18). We used this
protocol modification to ask whether Ser-2P RNAP II loss is
triggered under strict IE conditions and, if so, whether ICP22
is responsible. Vero cells were infected with KOS1.1 or
d22lacZ in the presence of CH for 5 h, followed by a 2-h
reversal, in either the presence or absence of ActD. Another
set of infections was not treated with any drugs. All infections
were terminated at 7 h postinfection (hpi), and the proteins
were analyzed by immunoblotting for Ser-2 RNAP II, EEA1,
and the DE protein ICP8 (Fig. 2A). In addition, the results of
the Ser-2P LS blot were quantified by densitometry; in order to
control for protein recovery, the LS signals were normalized to
those for EEA1 (Fig. 2B). Inspection of the ICP8 blot revealed
that this DE protein was not detectably expressed when ActD
was present during the CH reversal (lanes 6 and 9), confirming
that ActD restricted expression to IE proteins. Several conclu-
sions can be made from the data. First, in the KOS1.1 infection
reversed in the presence of ActD, there was significant loss of

Ser-2P RNAP II, to �50% of the mock value (lane 6). Thus, IE
gene expression is sufficient to trigger loss of Ser-2P RNAP II.
Second, no loss occurred in the d22lacZ infection reversed in
the presence of ActD (lane 9). This indicates that ICP22 is the
IE factor which is responsible for loss of Ser-2P RNAP II.
Third, there was significantly more loss of Ser-2P RNAP II in
the KOS1.1 and d22lacZ infections when ActD was absent in
the reversal than when it was present (compare lane 5 to lane
6 and lane 8 to lane 9). This suggests that a factor dependent
upon DE/L gene expression can also trigger loss of Ser-2P
RNAP II, consistent with the work of Dai-Ju et al. (10).

Evidence that a viral L factor also triggers loss of Ser-2P
RNAP II. The results above suggest that HSV-1 may trigger
dual pathways, one involving ICP22 and one involving DE/L
gene expression, that can each induce the loss of Ser-2P RNAP
II. We wished to further explore the role of DE/L gene ex-
pression and if possible to differentiate between the effects of
DE and L genes. One way that DE and L genes can be distin-
guished is by the effects of viral DNA replication inhibitors,
such as PAA, upon their expression (17). PAA potentiates the
expression of DE genes but inhibits or prevents the expression
of L genes. To see how PAA affects the loss of Ser-2P RNAP
II, we mock infected Vero cells or infected them with KOS1.1
or various IE mutants in the presence or absence of 400 �g/ml
PAA. Total proteins were harvested at 8 hpi and analyzed for
Ser-2P RNAP II levels (Fig. 3A). PAA had little if any effect on
mock- or virus-infected cells, with one striking exception.
When it was added to the d22lacZ infection, significantly more
Ser-2P RNAP II was retained (lane 6). Thus, in the absence of
ICP22, PAA significantly inhibits the loss of Ser-2P RNAP II.
This suggests that ICP22 and an L-phase factor combine to
fully trigger the loss.

We next carried out a time course experiment to observe the
individual and combined effects of ICP22 and PAA addition on
the loss of Ser-2P RNAP II. Vero cells were infected with
KOS1.1 or d22lacZ in the presence or absence of PAA, and
protein samples were prepared every 1.5 h through 9 h of
infection. Ser-2P RNAP II and EEA1 levels were analyzed by

FIG. 2. Loss of Ser-2P RNAP II is ICP22 dependent under IE conditions. Replicate cultures of Vero cells were mock infected or infected with
KOS1.1 or d22lacZ. In one set of infections, the cells were left untreated (lanes 1, 4, and 7). In the others, the cells were treated with 100 �g/ml
CH for 5 h, followed by 2 h without drugs (labeled CHR; lanes 2, 5, and 8) or 2 h in the presence of 10 �g/ml ActD (labeled CHR/A; lanes 3,
6, and 9). Proteins were harvested from all infections at 7 hpi. (A) Immunoblotting analysis of Ser-2P LS, EEA-1, and ICP8. (B) Quantitation of
Ser-2P RNAP II levels. The Ser-2P LS signals from the immunoblot shown in panel A were quantitated by densitometry and normalized to EEA1
levels to correct for protein recovery. The level of Ser-2P RNAP II found in untreated, mock-infected cells (lane 1) was set at 100%.
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quantitative immunoblotting. The results, shown in Fig. 3B,
indicate that neither the deletion of ICP22 nor the addition of
PAA to WT HSV-1 infection was alone sufficient to prevent
the overall depletion (to �25%) of Ser-2P RNAP II by 9 hpi.
However, when d22lacZ-infected cells were treated with PAA,
loss of Ser-2P RNAP II was substantially suppressed, with
�60% still remaining at 9 hpi. Thus, both ICP22 and a viral
late factor appear to be needed to fully trigger loss of Ser-2P
RNAP II. We also noted that PAA treatment of the KOS1.1
infection led to an acceleration of Ser-2P RNAP II loss, com-
pared to the untreated infection, beginning at about 4.5 hpi.
We considered the possibility that this effect was due to en-
hanced ICP22 expression in the presence of PAA. However,
immunoblot analysis of these samples indicated that PAA
treatment did not increase ICP22 expression in KOS1.1-in-
fected cells (data not shown). Thus, the reason for the PAA-
induced acceleration of Ser-2P RNAP II loss in the WT infec-
tion is currently unknown.

An ICP22-ICP4 double mutant fails to induce loss of Ser-2P
RNAP II. The above experiments, coupled with the work of
Dai-Ju et al. (10), suggest that ICP22 and viral late gene ex-
pression represent dual pathways by which HSV-1 triggers loss
of Ser-2P RNAP II. To gain independent evidence of this, we
employed a genetic approach by constructing an ICP4-ICP22
double mutant, which we designated d120/22 (see Materials
and Methods for details). Since DE/L gene expression is highly
dependent upon ICP4 (12, 57), this mutant cannot express
either ICP22 or L genes. Thus, according to our model, it
would be predicted to be unable to trigger any loss of Ser-2P
RNAP II. To test this, Vero cells were infected with KOS1.1,
d22lacZ, d120, or d120/22. As controls, infections were also
carried out in V22 (31) or E5 (13) cells, which are Vero
derivatives that express ICP22 and ICP4, respectively, upon
infection. Proteins were harvested at 8 hpi and analyzed by
immunoblotting. As expected, by 8 hpi, KOS1.1 had triggered
a dramatic decrease in Ser-2P RNAP II in Vero cells (Fig. 4A,
lane 2), as had d22lacZ (lane 5) and d120 (lane 8). However,
d120/22-infected Vero cells retained most if not all Ser-2P

RNAP II (lane 11). Significantly, d120/22 triggered Ser-2P
RNAP II loss in both V22 or E5 cells (lanes 12 and 13, respec-
tively), indicating that expression of either ICP22 or ICP4 can
restore the ability of this mutant to trigger the loss. Immuno-
blotting analyses confirmed that all viruses and cells used in the
experiment expressed the expected set of IE proteins (Fig. 4A,
bottom panels). It was noted that the electrophoretic mobility
of ICP22 detected in V22 cells varied depending upon the
mutant used for the infection. That is, the mobility of ICP22
was relatively slow in the KOS1.1 and d22lacZ infections (Fig.
4A, lanes 3 and 6) but faster in the d120 and d120/22 infections
(lanes 9 and 12). This most likely reflects UL13-dependent
posttranslational modification of ICP22. Purves et al. have
shown that it is newly expressed UL13, not virion UL13, that is
responsible for the modification of ICP22 (41). Since UL13 is
almost certainly not expressed in the d120 and d120/22 infec-
tions due to the absence of ICP4, the ICP22 made under these
conditions is likely incompletely modified, thus explaining its
enhanced electrophoretic mobility.

To obtain quantitative data concerning the loss of Ser-2P
RNAP II, we repeated the above infection, and in this case,
Ser-2 RNAP II signal intensities were obtained directly from
the immunoblots by chemifluorescence imaging, again normal-
izing the signals to those for EEA1 to control for protein
recovery (Fig. 4B and C). The results indicated that as ex-
pected, Ser-2P RNAP II levels were reduced significantly in
cells infected with KOS1.1, d22lacZ, or d120. However, no
reduction compared to results for mock-infected cells was seen
in the d120/22 infection. Thus, deletion of both ICP22 and
ICP4 completely abrogates HSV-1’s ability to trigger the loss
of Ser-2P RNAP II. This is consistent with a model in which
both ICP22 and L gene expression independently trigger the
loss.

In our previous study, we used immunofluorescence to con-
firm that there is a significant loss of Ser-2P RNAP after
HSV-1-infection (16). In the course of those experiments, we
observed that a residual fraction of Ser-2P RNAP II is not lost
after HSV-1 infection but is instead relocalized into nuclear

FIG. 3. Evidence that ICP22 and an L-gene-dependent factor combine to trigger loss of Ser-2P RNAP II. (A) Effect of PAA on Ser-2P RNAP
II loss. Replicate cultures of Vero cells were mock infected or infected with WT HSV-1 or the mutants indicated. In one set of infections, the
overlay medium contained 400 �g/ml PAA. Protein extracts were prepared at 8 hpi and analyzed for Ser-2P LS and EEA1 by immunoblotting.
(B) Effect of ICP22 and PAA on Ser-2P RNAP II levels in a time-course assay. Replicate cultures of Vero cells were mock infected or infected
with WT HSV-1 or d22lacZ in the presence or absence of 400 �g/ml PAA added at 1 hpi. Protein extracts were harvested at the times indicated
and analyzed for Ser-2P RNAP II and EEA1 by immunoblotting and densitometry. Ser-2P RNAP II levels were normalized to those for EEA1
to correct for protein recovery. The level of Ser-2P LS found in mock-infected cells was set at 100%.
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speckle structures. Similar results were reported by Dai-Ju et
al. (10). Nuclear speckles are normal components of mamma-
lian cell nuclei and contain many cellular splicing proteins and
some other factors involved in mRNA production (23). To see
what effect d120/22 infection has on Ser-2P RNAP II subcel-
lular localization, we carried out an immunofluorescence anal-
ysis of mock- or HSV-1-infected Vero cells that had been fixed
at 8 hpi (Fig. 5). As expected, KOS1.1 infection induced a
striking loss of Ser-2P RNAP II (panel d). In addition, some of
the residual antigen relocalized to nuclear speckles, many of
which costained for ICP27, as previously reported (panels e
and f) (37). Infections with d22lacZ and d120 gave similar
results (panels g to i and j to l). In contrast, there was little if
any diminution of the Ser-2P RNAP II signal in d120/22-
infected cells (panel m), consistent with our immunoblotting
analyses. Interestingly, infection with d120/22 still induced the
relocalization of a fraction of Ser-2P RNAP II into nuclear
speckles that partially costained for ICP27 (panels n and o).
This indicates that the HSV-1-induced movement of Ser-2P
RNAP II into nuclear speckles is independent of the loss of
Ser-2P RNAP II and does not require either ICP22 or ICP4.

Expression of ICP22 by transfection triggers loss of Ser-2P
RNAP II. Since our results showed that ICP22 plays a key role
in the loss of Ser-2P RNAP II in infected cells, we investigated

the possibility that ICP22 might affect Ser-2P RNAP II in
uninfected cells. To test this, we constructed an expression
plasmid, pcDNA22, that encodes an N-terminally FLAG-
tagged ICP22 molecule (Fig. 6A, lane 4). Vero cells were
transfected with pcDNA22 and analyzed by immunofluores-
cence at 2 days posttransfection. Intriguingly, we consistently
observed that cells which were positive for ICP22 almost in-
variably exhibited minimal to no staining for Ser-2 RNAP II
(Fig. 6B, compare panels a and b).

Additional experiments were carried out to address the
specificity of ICP22’s effects on RNAP II. As seen in Fig. 6C,
although ICP22 expression consistently triggered loss of Ser-2P
RNAP II staining (panels a to c), staining for Ser-5P RNAP II,
detected by monoclonal antibody H14, was unaffected (panels
d to f). Similar analysis with monoclonal antibody ARNA3,
which binds to the body of the RNAP II LS and thus detects all
forms of the protein, indicated that ICP22 did not appreciably
affect the levels of total LS (panels g to i). Since ICP22 expres-
sion from pcDNA22 is driven by the robust human CMV IE
promoter, we considered the possibility that high-level tran-
scription of any transfected gene might trigger loss of Ser-2P
RNAP II. However, this was not the case, since CMV IE
promoter-driven expression of �-galactosidase (Fig. 6C, panels
j to l) or enhanced green fluorescent protein (data not shown)

FIG. 4. Ser-2 RNAP II is retained in cells infected with an ICP4-ICP22 double mutant. (A) Immunoblot analysis. Replicate cultures of Vero,
V22, or E5 cells were mock infected or infected with WT HSV-1, d22lacZ, d120, or d120/22. Protein extracts were prepared at 8 hpi and analyzed
by immunoblotting as described in the legend to Fig. 1. (B and C) Quantitation of Ser-2P LS loss in cells infected with an ICP4 ICP22 double
mutant. Cells were infected as indicated and analyzed by immunoblotting for Ser-2P LS and EEA1 (B). For quantitation (C), Ser-2P LS and EEA1
signals were obtained directly from the blot by chemifluorescence imaging, and Ser-2P LS levels were normalized to those for EEA1 to correct
for protein recovery. The level in mock-infected cells was set to 100%.
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did not alter Ser-2P RNAP II staining. Furthermore, ICP22’s
ability to induce loss of Ser-2P RNAP II did not require the
CMV IE promoter, since similar results were observed when
ICP22 was expressed from its endogenous promoter on plas-
mid pBamN (24) (data not shown). Finally, ICP22’s ability to
trigger loss of Ser-2P RNAP II was not specific to Vero cells,
since we observed similar results in transfected HeLa and
ARPE-19 (pigmented retinal epithelial) cells (data not shown).
Based on these results, we conclude that ICP22 expressed in
transfected cells can specifically trigger the loss of the Ser2-
phosphorylated form of RNAP II.

Carter and Roizman have shown that the C-terminal region
of the ICP22 gene harbors a related gene, designated US1.5,
that encodes a protein corresponding to a C-terminal segment
of ICP22 (residues 147 to 420) (8). Thus, it was of interest to
ask whether the US1.5 protein is capable of causing the loss of
Ser-2P RNAP II in transfected cells. Additionally, we were
curious as to whether the VZV homolog of ICP22, ORF63,
might also carry out this activity. To answer these questions, we
constructed plasmids which express either FLAG-tagged
US1.5 or ORF63 and transfected them into Vero cells. Immu-
noblot analysis confirmed that these constructs expressed
FLAG-reactive proteins of the expected sizes, although expres-
sion of ORF63 was consistently lower than that of ICP22 and

US1.5 (Fig. 6A, lanes 3 and 5). To see whether US1.5 or
ORF63 can affect RNAP II, we transfected the plasmids into
Vero cells and performed immunofluorescence at 2 days post-
transfection. The results showed that the US1.5 protein trig-
gered the loss of Ser-2P RNAP II staining, whereas the ORF63
protein did not appear to do so (data not shown). The negative
result seen for ORF63 did not appear to be due to the lower
level of expression of ORF63, because even when the amount
of transfected US1.5 plasmid was reduced 16-fold to compen-
sate for its higher expression efficiency, US1.5 still efficiently
triggered loss of Ser-2P RNAP II staining (Fig. 6D, panels a to
c), but ORF63 did not (panels d to f). We conclude that similar
to the case with ICP22, the HSV-1 US1.5 protein can trigger
loss of Ser-2P RNAP II in transfected cells. In contrast, the
VZV ORF63 protein does not appear to possess this activity.

DISCUSSION

Two distinct viral pathways trigger the loss of Ser-2P RNAP
II during HSV-1 infection. In the standard eukaryotic mRNA
transcription cycle, the RNAP II CTD becomes phosphory-
lated on Ser-2 at a postinitiation stage of transcription. This
modification is associated with the transition of RNAP II to an
elongation-competent form and is critical for the recruitment
of polyadenylation and possibly splicing factors to the tran-
scription complex. Given the importance of Ser-2P RNAP II to
cellular gene transcription, it is intriguing that HSV-1-infected
cells rapidly lose this form of RNAP II (10, 16). In this study,
we have investigated the viral factors that trigger this disap-
pearance. Our major finding is that HSV-1 possesses two sep-
arate pathways that trigger this loss. One is mediated by the IE
protein ICP22 and is operative at early times after infection.
The other is ICP22 independent, and depends on L gene ex-
pression. Although the identification of ICP22 as a triggering
factor is novel, the finding that L-phase events induce Ser-2P
loss is consistent with the recent work from Sandri-Goldin’s
laboratory (10).

Our new findings explain our past results, which appeared to
simultaneously implicate and exclude IE proteins in the loss of
Ser-2 RNAP II (16). That is, we previously found that IE
protein synthesis is both required and sufficient, in the context
of HSV-1 infection, for the loss of Ser-2 RNAP II. However,
using IE mutants, we were unable to implicate a single known
IE regulatory protein (including ICP22) in the effect. Our
discovery of redundant functions explains our past results:
ICP22 can trigger the loss of Ser-2P RNAP II under IE con-
ditions (e.g., in cells infected with an ICP4 mutant), whereas
the viral L factor can trigger the loss in ICP22 mutant-infected
cells.

The fact that HSV-1 has evolved redundant pathways for
triggering the loss of Ser-2 RNAP II suggests that optimal viral
replication or persistence in the human host is favored by this
change. HSV-1 is known to encode redundant functions that
target other host cell processes. For example, multiple viral
gene products can inhibit virus-induced apoptosis (2) or coun-
teract the cellular PKR system (28). What general function
could the loss of Ser-2P RNAP II serve? We have previously
suggested that HSV-1 gene transcription may not generate or
require Ser-2P RNAP II (16). If so, virus-induced loss of
Ser-2P RNAP II could serve as a mechanism by which HSV-1

FIG. 5. Immunofluorescence analysis of Ser-2P RNAP II in cells
infected with an ICP4-ICP22 double mutant. Vero cells were mock
infected or infected with WT HSV-1 or the mutants indicated. At 8
hpi, the cells were fixed and processed for immunofluorescence using
antibodies specific for Ser-2P LS or ICP27. The cells shown are rep-
resentative of the majority of cells (�80%) in the sample.
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FIG. 6. ICP22 expression in transfected cells triggers loss of Ser-2P RNAP II. (A) Immunoblot analysis of transfected plasmids. Vero cells were
transfected with pCMV�gal (lane 1), pcDNAUS1.5 (lane 3), pcDNA22 (lane 4), or pcDNAORF63 (lane 5), and protein extracts were harvested
2 days posttransfection. The proteins were analyzed by immunoblotting using an anti-FLAG antiserum. As a positive control, a protein extract from
F22, a recombinant virus expressing an amino-terminally FLAG-tagged ICP22, was also analyzed (lane 2). (B) ICP22 expression triggers loss of
Ser-2P RNAP II. Vero cells transfected with pcDNA22 were fixed 2 days posttransfection and stained for ICP22 (panel a) or Ser-2P LS (panel
b). Nuclei positive for ICP22 expression are marked by white arrowheads. (C) Specificity of ICP22-induced loss of Ser-2P RNAP II. Cells were
transfected with pcDNA22 (panels a to i) or pCMV-�gal (panels j to l) and analyzed by immunofluorescence at 2 days posttransfection for the
antigens indicated. (D) Effect of US1.5 or VZV ORF63 expression on Ser-2P RNAP II. Cells were transfected with 0.1 �g pcDNAUS1.5 (panels
a to c) or 1.6 �g pcDNAorf63 (panels d to f) per well. Control immunoblotting experiments indicated that these amounts of plasmid express
comparable total amounts of US1.5 and ORF63 proteins based on anti-FLAG reactivity. At 2 days posttransfection, the cells were analyzed by
immunofluorescence for the FLAG and Ser-2P LS antigens. The Ser-2P LS patterns shown are typical of the large majority (�80%) of
FLAG-positive cells.
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specifically inhibits host cell transcription. Alternatively, Dai-Ju
et al. have suggested that HSV-1 genome transcription may
generate Ser-2P RNAP II but that Ser-2P RNAP II complexes
from opposing viral strands could collide and stall on the
HSV-1 genome, ultimately requiring the proteasome for their
resolution (10). In this scenario, Ser-2P RNAP II loss may be
needed for the productive release of viral transcripts. Obvi-
ously, further work is needed to explore these and other pos-
sibilities. We expect that that the d120/22 mutant will be help-
ful in these studies, since it is the first mutant which has been
found to be unable to trigger any loss of Ser-2P RNAP II.

HSV-1-induced redistribution of Ser-2P RNAP II to splicing
speckles. In our previous study, we provided evidence that
some residual Ser-2P RNAP II is relocalized after HSV-1
infection into nuclear speckles (16). This conclusion was based
on immunofluorescence experiments using the H5 antibody.
However, the H5 antibody has been reported to cross-react
with cellular SR splicing proteins, which localize to splicing
speckles, under conditions where the levels of Ser-2P RNAP II
are low (14). Thus, Dai-Ju et al. suggested that the apparent
redistribution of residual Ser-2P RNAP II to speckles in HSV-
1-infected cells could be an artifact driven by the loss of Ser-2P
RNAP II (10). However, in this work, we observed that H5
stains speckles in the d120-22 infection, under conditions
where there is minimal or no loss of Ser-2P RNAP II. This
argues that HSV-1 infection does indeed result in a redistri-
bution of Ser-2P RNAP II into nuclear speckles. The biological
significance of this phenomenon is currently unknown, as are
the viral factors which are responsible.

ICP22 triggers loss of Ser-2P RNAP II. Our studies indicate
that ICP22 mediates loss of Ser-2 RNAP II during infection
and furthermore that ICP22 can mediate this activity even in
transfected cells. The latter result indicates that no other viral
factors are required for this function. The finding that ICP22
effects the loss of Ser-2P RNAP II is perhaps not surprising,
since we have previously found that ICP22 is required during
infection for the appearance of the intermediately phosphory-
lated RNAP III form (45), which lacks Ser-2 phosphorylation
(16). One could thus hypothesize that ICP22’s primary func-
tion is to trigger loss of Ser-2 phosphorylation from RNAP IIO,
leading to the appearance of an intermediately migrating form.
Indeed, this has been observed in cells treated with a drug that
blocks cdk9 activity (26). However, the ability of ICP22 to
induce RNAP III is clearly separable from its ability to trigger
Ser-2P RNAP II loss, since the former but not the latter re-
quires the HSV-1 UL13 protein as a cofactor (24). Therefore,
the most straightforward interpretation of our results is that
ICP22 possesses two separate (but possibly related) regulatory
activities that affect RNAP II phosphorylation.

ICP22 homologs are conserved among the alphaherpesvi-
ruses but are not found in beta- or gammaherpesviruses (48).
Our work adds to the list of known functions for HSV-1 ICP22.
Although the ICP22 gene is not essential for viral growth in
Vero cells and some other cell lines (40), it is required for
efficient replication in other cells, such as human embryonic
lung cells (39, 52) and primary human fibroblasts (K. Fraser, P.
Southern, and S. Rice, unpublished). Furthermore, ICP22 is
required for acute replication and virulence in animal models
of HSV-1 infection (38, 52). The primary defect of ICP22
mutants in cells where ICP22 is required for efficient growth

appears to be a reduction in the expression of a subset of L
genes (39, 52). In addition to effects on viral gene expression,
ICP22 is responsible for altering the levels and activities of
some cell cycle proteins during infection (1, 6, 30). Consistent
with such cell cycle effects, an ICP22 mutant has been shown to
replicate poorly in normally permissive Vero cells when they
are synchronized and infected in S phase (30). Finally, it was
recently shown that ICP22 plays a role in determining the
protein composition of the viral tegument (31). In regard to
this last function, it is worth mentioning that our ICP22 mutant
virus stocks are grown in V22 cells and should have the normal
complement of tegument proteins.

As noted above, many of ICP22’s regulatory functions re-
quire the HSV-1 virion protein kinase UL13, which directly or
indirectly mediates some of ICP22’s complex phosphorylation
(42). These functions include ICP22’s cell-type-dependent
stimulation of viral growth and L gene expression (24, 41), its
ability to induce degradation of cyclins A and B (1), and its
capacity to induce RNAP III (24). Our results with both in-
fected and transfected cells indicate that ICP22’s ability to
trigger loss of Ser-2P RNAP II does not require UL13. In fact,
in some experiments, we have observed that loss of Ser-2P
RNAP in infected cells occurs more rapidly in UL13 mutant
infections than it does in WT infections (data not shown). This
suggests that UL13 may negatively regulate this function of
ICP22. Previous studies have shown that ICP22 phosphoryla-
tion is mediated by newly expressed UL13, as opposed to UL13
introduced from the virion (41). Thus, it is possible that early
in infection, prior to UL13 expression, ICP22’s primary effect
on RNAP II could be to trigger the loss of Ser-2 phosphory-
lation. Later, expression of new UL13 may serve as a switch to
alter ICP22’s activity so that it mediates induction of the
RNAP III form.

Our data indicate that the HSV-1 ICP22-related protein
US1.5 also possesses the ability to cause loss of Ser-2P RNAP
II. This indicates that the ability of ICP22 to cause loss of
Ser-2P RNAP II maps to the C-terminal two-thirds of ICP22
(i.e., residues 147 to 420), which is the portion shared with
US1.5. However, we found that the ICP22 homolog of VZV,
ORF63, does not trigger the loss of Ser-2P RNAP II, indicat-
ing that this function of ICP22 is not conserved in an alpha-
herpesvirus homolog. We are currently using a plasmid trans-
fection strategy to more precisely map the portion of ICP22/
US1.5 which mediates the loss of Ser-2P RNAP II. Given our
results with ORF63, it will be interesting to see whether the
relevant sequences include those which are widely conserved
among ICP22 homologs (51).

Although the mechanism by which ICP22 induces the loss of
Ser-2P RNAP II is currently unknown, two potential mecha-
nisms are worth considering. First, ICP22 could promote the
specific proteolysis of this form of RNAP II. There is some
evidence for this, since Sandri-Goldin and colleagues showed
that some Ser-2P RNAP II is degraded during infection by a
proteasome-dependent process (10). Second, it is possible that
ICP22 affects Ser-2 CTD phosphorylation directly by inhibiting
P-TEFb. There is evidence supporting this, as well, since it was
recently shown that ICP22 physically interacts with the cdk9
subunit of P-TEFb (15). This interaction could inhibit CTD
kinase activity, thus explaining our results. Alternately, it is
possible that ICP22 modifies the substrate specificity of P-
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TEFb, causing it to phosphorylate Ser-5 rather than Ser-2. This
would be consistent with experiments showing that ICP22-cdk9
complexes have elevated CTD kinase activity in vitro (15).
There are precedents in the literature for the alteration of the
CTD specificity of P-TEFb by viral proteins. In one example,
the human immunodeficiency virus Tat protein was shown to
modify cdk9 activity so that it phosphorylates Ser-5 in addition
to Ser-2 (63). In another, the Epstein-Barr virus protein EBNA
2 was found to stimulate CTD phosphorylation at Ser-5 via a
cdk9-dependent mechanism (3).

Does expression of ICP22 globally affect cellular transcrip-
tion? In several eukaryotic systems, the presence of Ser-2P
RNAP II, as assayed by H5 immunoreactivity, has been used as
a marker for active RNAP II transcription (reviewed in refer-
ence 33). Given this, it was surprising that ICP22-transfected
cells are virtually devoid of this antigen 2 days following trans-
fection. This raises the question of whether RNAP II transcrip-
tion is globally inhibited in transfected cells expressing ICP22.
Although we do not yet know the answer, it is worth noting that
the ICP22-expressing cells appear morphologically normal,
suggesting that they are not dead or dying. Although the lack
of Ser-2P RNAP II is unusual for eukaryotic cells and is
thought to reflect transcriptional quiescence, it has been doc-
umented in several instances. For instance, loss of Ser-2P
RNAP II occurs during the early embryonic development of
several organisms, including Drosophila, Caenorhabditis elegans,
mice, and frogs and is associated with a global but transient
repression of zygotic transcription (32, 53). Moreover, some of
the first analyses of the H5 antibody indicated that a fraction of
cycling mammalian cells do not stain for this antigen, nor do
growth-arrested cells (4). Thus, eukaryotic cells can tolerate a
lack of Ser-2P RNAP II, at least in certain circumstances, some
of which may be cell cycle dependent. We are currently at-
tempting to develop a cell line that harbors an inducible ICP22
gene so that we can study the effect of ICP22 on host cell
transcription and physiology under well-controlled conditions.
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